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ABSTRACT 
MANNAH, CHERIVA, AHMED., Masters : January 2020, 
Material Science and Technology 
Title: PREPARATION OF POLYSTYRENE/ NICKEL OXIDE NANOCOMPOSITE 
SUPERHYDROPHOBIC COATING FOR PROTECTION AGAINST CORROSION 
Supervisor of Thesis:  Dr. Aboubakr. M. Abdullah 
Many technologies have been studied carefully to overcome the corrosion phenomenon 
of various metal species found in nature. Among these, the high water repellent surfaces 
have received significant attention from researchers and industrialists from the last few 
decades. These surfaces are known as superhydrophobic surfaces that have high WCA 
>150° and low CAH<10°. Herein, Polystyrene/Nickel oxide (PS-NiO) nanocomposite 
superhydrophobic coatings are produced using a one-step electrospinning technique. 
Three coatings were fabricated to study the effect of varying NiO nanoparticles 
concentrations on the wettability of polystyrene coating. The morphology, 
hydrophobicity behavior, structures, and thermal properties of PS/NiO nanocomposite 
coatings were investigated. It was found that the presence of NiO nanoparticles 
enhances various features of polystyrene coating. A high water contact angle of 155° ±
2° and low contact angle hysteresis of 5° was achieved.  Also, corrosion resistance 
performance of PS/NiO nanocomposite coating was evaluated using the EIS technique. 
The observations showed that the addition of NiO nanoparticle highly enhances the 
corrosion protection efficiency of PS coating.            
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CHAPTER 1: INTRODUCTION 
            Corrosion is a natural phenomenon that occurs due to an irreversible reaction of 
metal with its surrounding environment in the presence of humidity and oxygen. Many 
industries are suffering from corrosion problems, which cause a high maintenance 
coast, less plant efficiency, and severe safety issues [1]. Also, the low efficiency 
resulted from corroded components affects the performance of the plants rapidly 
because of the chemical and mechanical properties changes. Hence, surface properties 
modification sometimes is required in such conditions. This could be achieved either 
by applying several types of coatings and/or inhibitors. The coatings are economically 
a superior choice with a low impact on the running cost compared with the modification 
of the bulk properties [2]. 
          Aluminum (Al) and its alloys (AAs) have substantial usage in many industrial 
areas ranging from the thin aluminum foil in the packaging industry to the highly strong 
materials for aircraft and automotive [3]. The diversity of aluminum alloy applications 
arises from the different alloying elements added to pure aluminum such as copper, 
silicon, magnesium, manganese, nickel, and zinc. This alloying process results in 
unique characteristics such as high mechanical strength, good thermal and electrical 
conductor as well as quite corrosion resistance against uniform corrosion because of 
the presence oxide layer on the surface of aluminum metal substrates[4][5]. However, 
aluminum alloys are significantly prone to localized corrosion. Consequently, corrosion 
protection inhibitors are involved in protecting aluminum from corrosion, especially in 
the oil and gas industries [6].  
          For example, many inhibitors are used to protect the metal surface from corrosive 
environments. Inhibitors are adsorbed form a uniform film similar to a coating that acts 
as a physical barrier. Usually, the inhibitors lose their efficiency with time due to 
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desorption. So, different protective coatings, depending on the different types of 
applications, can be used to prevent the metal components from corrosion [7]. Organic 
coatings are one category, which can be classified according to the resin binder that 
controls protectiveness and resistance to degradation. They display a perfect corrosion 
prevention performance even if the metal is placed in a corrosive environment [8]. 
Adhesion between the organic coatings and metal substrates played a significant factor 
as an anti-corrosion material, particularly in the humid surroundings where the sample 
may be exposed to some water drops which may react with the coating and impact its 
resistance. [9]. 
          Recently, superhydrophobic surfaces received great attention in different fields 
from surface physics, surface chemistry, and materials science, and engineering. A 
surface with high water repellent generated by applying a micro-patterned roughness 
combined with low surface energy material known as a superhydrophobic surface. The 
superhydrophobic property of the coating depends on two main surface properties: 
surface energy and surface roughness[10][11]. In addition, the essential factor that 
characterizes the hydrophobic phenomenon is the static contact angle. This angle is the 
angle that a liquid droplet makes with a solid surface. The superhydrophobic surface 
has a water contact angle (WCA) >150˚ and low contact angle hysteresis (WCAH) < 
10o. The WCA can be controlled by number of factors: such as surface roughness, 
sample polishing, and surface cleanliness [12]. Superhydrophobic coatings have higher 
efficiency compared to inhibitors because they reduce the water contact angle with the 
surface which results in decreasing the oxidation reaction frequency that can take place 
as result of repelling the electrolyte and decrease the electrolyte permeation within the 
coating or at least by reducing the residence time of the electrolyte within which the 
electrolyte is in contact with the metal surface.  
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          Several pieces of research have reported the effectiveness of generating 
superhydrophobic coating using polymers. Polystyrene and poly-functionalized 
polystyrene are widely used in different applications such as packaging, electronic 
applications, toys, households, goods, etc. [13]. PS is relatively cheap and has a low 
melting point, which results in the broader use of PS in different applications [13].  
Their chemistry has been improved by chemical modification using acetic anhydride 
and epichlorohydrin with the existence of catalysts. This results in better adhesion and 
anticorrosion properties[14]. compositing polystyrene with coated nanoparticles such 
as silica obtained around a 20% decrease in specific surface area compared to pure 
polystyrene [15]. PS/nanoparticle nanocomposite enhances the surface morphology and 
hydrophobicity of materials. For example, Simsic et al. revealed the effect of the surface 
roughness on the degree of super hydrophobicity of materials by fabricating polymeric 
nonwoven fibers with high surface roughness through the electrospinning process [16]. 
Also there are many studies revealed that the fabrication process of superhydrophobic 
coatings by adding inorganic nanoparticles to PS, including PS/SiO2 [17], PS/TiO [18], 
PS/MnO2 [19] and PS/Al2O3 [20]. In fact, the addition of these nanomaterials shows a 
significant improvement of the surface roughness with decreasing the surface energy 
of the produced coating as well as facilitating the formation of the hierarchical shapes 
[21]. In this project, new NiO nanoparticles/polystyrene nanocomposite 
superhydrophobic coating was prepared using electrospinning for the first time 
targeting improving the corrosion protection efficiency of polystyrene coatings. This 
work provides a full materials and electrochemical characterization study for the effect 
of compositing polystyrene with NiO nanoparticles, which reveals the high corrosion 
resistance of this new coating.  
         Electrospinning techniques are commonly used to produce superhydrophobic 
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coasts due to its simplicity, high efficiency, template synthesis, self-assembly, 
inexpensive, and applicable for plenty of polymers to generate nanofibers [22], [23] 
[24], [25]. Besides the chemical nature of the SHCs, many physical properties directly 
affect the performance of a SHC. For example, the solution viscosity, surface tension 
and average molecular weight of used polymer, and operational electrospinning 
parameters such as solution flow rate, applied voltage, distance between a needle and 
substrates and time are main key parameters [26],[27], [28], [29], [30].  
         The purpose of this work is to fabricate a superhydrophobic coating of PS/NiO 
nanocomposite for protection against corrosion for aluminum substrates via 
electrospinning technique.  This thesis shows the preparation methods of PS/NiO 
nanocomposite superhydrophobic coating and all the required characterization 
techniques which were used to study the properties of the coatings including the 
structure of the samples using the XRD, The surface roughness, morphology and the 
composition of the coatings using AFM, SEM, and EDX respectively. Also, the thermal 
properties of the samples were tested by DSC and TGA. Water contact angle (WCA) 
and contact angle hysteresis (CAH) were employed to evaluate the surface liquid 
tension and the degree of hydrophobicity. Finally, the electrochemical impedance 
spectroscopy (EIS) technique was applied to examine corrosion resistance of the 
prepared SHC nanocomposite coatings.  
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CHAPTER 2: LITERATURE REVIEW 
2.1 Superhydrophobic surfaces 
        Superhydrophobic surfaces are highly water repellent ones that have a water 
contact angle higher than 150° and very low contact angle hysteresis less than 10°. 
There are many examples of superhydrophobic materials in natures, such as lotus 
leaves, insect wings, and animal fur [31][32][33]. These micro- or nanostructure 
surfaces are covered with low surface energy materials that can make an interfacial line 
with liquid by keep holding air on the rough surface, which results in a reduction in the 
water contact angle [34]. Therefore, those non-wetted surfaces become fertile materials 
in different corrosion applications since the trapped air in the superhydrophobic 
surfaces can protect the aggressive ions from being in contact with the metal surface 
[35]. Generally, the superhydrophobic surface usually consists of a combination of 
hydrophobic material and micro or nanoparticles [36][37].  
2.2 Models of superhydrophobic states 
        To clarify the parameters that modeled superhydrophobic coatings, it is necessary 
to explain the basic principle behind this phenomenon. When a liquid droplet interacts 
with a metal surface, it can be described by contact angle measurement [38]. The 
intersect of the water droplet, and the coating surface contact angle is calculated by 
Young's equation[39] [40]: 
cos 𝜃𝑌 =
𝛾𝑆𝑉−𝛾𝑆𝐿
𝛾𝐿𝑉
                      (2.1) 
Where, 𝜃𝑌 is the contact angle in Young's mode, 𝛾𝑆𝑉, 𝛾𝑆𝐿 𝑎𝑛𝑑 𝛾𝐿𝑉 represent the surface 
energies corresponded to solid-vapor, solid-liquid, and liquid-vapor interfaces, 
respectively. If the surface shows water contact angle 𝜃 < 90° is hydrophilic while if 
the surface exhibit water contact angle 𝜃 > 90° is hydrophobic and if the surface shows 
water contact angle 𝜃 > 150° known as superhydrophobic surface.  
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2.2.1 Surface models of wetting on rough surfaces 
        One of the most critical parameters that modeled the SHSs is surface roughness. 
How the rough hydrophobic surface interacts with a liquid droplet can be described by 
either Wenzel or Cassie-Baxter state [23]. The Wenzel state takes place when a liquid 
droplet is thoroughly permeated through the rough surface, which will increase the 
solid-liquid interfacial area [41]. Also, the Wenzel state can be considered as 
homogenous wetting because the resulting interface surface consists of only liquid-
solid contact [42]. On the other hand, Cassie-Baxter state takes place when a liquid 
droplet rests on the top of the rough surface trapping air in the hierarchical structure of 
the coating, forming a heterogeneous interfacial consist of solid-liquid and liquid-gas 
below the droplet. The two wetting states are shown in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
        Consequently, the superhydrophobic surfaces must show water contact angle 
>150° and water contact angle hysteresis <10° [43]. The interface of the metal that 
interacts with liquid droplets in the Wenzel state cannot be considered as 
superhydrophobic even it may show a high water contact angle but will never exhibit 
Figure 2.1. Wetting states of liquid droplet (a) Young’s (b) Wenzel and (c) 
Cassie-Baxte 
  
7 
 
low contact angle hysteresis because of the contact line pinning. While Cassie-Baxter 
states allow liquid droplets to freely move on the surface, which can be considered as a 
superhydrophobic state [44][45]. Taylor et al. reported the highest water contact angle 
of the smooth surface is around 115°; as a result, to increase the water contact angle to 
reach superhydrophobic state, more roughness is needed [38].  
2.2.2 Surface energy 
        Low surface energy is a substantial mark that characterizes the superhydrophobic 
behavior of the materials. Several types of surfactants were widely used for reducing 
the surface energy of the materials in various applications. For instant. Alkanethiols 
have been used as an active surfactant for decreasing surface energy, which provides a 
hydrophobic alkyl chain as well as a thiol group on the surface of the materials [46]. 
Furthermore, silane groups were commonly employed for the reduction of surface 
energy. Particularly, fluoroalkyl silanes received high consideration due to the 
existence of CF2 and CF3 groups, which are very effective in the lowering of materials 
surface energy [47]. Also, organic silane was used in surface treatment by providing 
hydroxyl groups. However, fluoroalkyl silanes are very expensive and causing hazards 
to the environment because of the existence of fluorine. Other substances were 
recommended to be used for surface modification, such as stearic acid and polymers 
[48].       
2.2.3 Contact angle hysteresis  
        The formation of three heterogeneous states and highly roughness surfaces reflect 
the degree of the superhydrophobicity of the material with very low contact angle 
hysteresis. Cassie-Baxter state represents SHSs due to the impact of the contact angle 
and the allowance of the contact line to pin on the surface resulting in several values of 
the contact angle [49]. The calculated difference between the maximum and minimum 
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values of this range predict contact angle hysteresis (CAH). Contact angle hysteresis 
can be calculated by two methods, including the variation of the sessile-drop approach 
and the tilting plate procedure [39]. In the variation of the sessile-drop method, the 
advancing contact angle can be predicted by increasing the volume of a liquid droplet 
slightly while receding angle (RA) can be found by reducing the volume of the water 
droplet causing recede. The difference between the highest advancing and the lowest 
receding contact angels called contact angle hysteresis (CAH) [50]. Furthermore, in the 
tilting plate method, the surface is set at a specific sliding angle to roll the droplet 
directly when it touches the surface. The contact angle of the droplet in the moving 
direction is referred to advancing angle (𝜃𝐴𝑑𝑣 ) and the contact angle in the opposite 
direction is indicated receding contact angle (𝜃𝑅𝑒𝑐) [51]. Hence, an increasing in the 
difference between 𝜃𝐴𝑑𝑣  and 𝜃𝑅𝑒𝑐 will rise the tilting angle which means the adhesion 
between the surface and the liquid increase and larger CAH is achieved. The force 
required for a liquid droplet to start sliding on a surface is illustrated by Figure 2. 2 and 
Equation 2. 
 
  
 
 
 
 
 
 
 
 
 
Figure 2.2.  A schematic description of some of the parameters that affecting the force needed 
for a droplet to start sliding on a tilted surface 
  
9 
 
 
𝐹 =
𝑚𝑔 sin 𝛼
𝑑
= 𝛾𝑙𝑣(cos 𝜃𝑅 − cos 𝜃𝐴)                          (2.2) 
 
Where  𝛼 is the sliding angle, 𝛾𝑙𝑣 is the surface tension of the liquid, 𝜃𝑅 𝑎𝑛𝑑 𝜃𝐴  are the 
receding and advancing CA, respectively.  𝑑  is the width of the droplet perpendicular 
to the moving direction, 𝑚 is the mass of the droplet, and 𝑔 is the gravitational 
acceleration [52].   
        As noted above, superhydrophobic surfaces must have an extremely small sliding 
angle. In another word, at very low CAH, approximately zero, the water droplet will 
quickly roll off as soon as the substrate is placed on an inclined plane. However, many 
superhydrophobic surfaces showed some hysteresis resulting from friction caused by 
the heterogeneity of the surface, but CAH can be controlled by roughening the surface 
on the micro and nanoscales [53].  
2.3 Techniques for fabricating superhydrophobic coatings  
        Nowadays, superhydrophobic coatings receive a valuable tension that made them 
widely prepared by different techniques using various materials, including organic 
materials and inorganic materials. Sometimes surface treatment such as roughening a 
surface of the material is required even though the materials are inherently hydrophobic 
like organic materials.  Several techniques have been used for the fabrication of 
superhydrophobic coatings which can be divided into two categories [54]: 
(a) Enhancing the surface roughness  of the materials which have a low surface 
energy  
(b) Chemically adjusting a rough surface with low surface energy materials.        
To date, numerous techniques have been investigated for the fabrication of 
superhydrophobic surfaces with high roughness and low surface energy such as sol-gel 
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process [55], chemical etching[56], electrochemical decomposition [57], plasma 
polymerization [52], layer-by-layer assembly [58], chemical vapor deposition [59] and 
electrospinning [60].           
2.3.1 Sol-gel processing methods 
        The sol-gel method was used in several applications to fabricate superhydrophobic 
coatings in a wide range [61]. The preparation process is explained by some examples 
of the structuration of an oxide network by the polycondensation reaction of molecular 
precursors in a liquid. The liquid molecules are blended with colloidal particles via 
Vander Waals forces or hydrogen bonds [62]. Wang et al.  synthesized a 
superhydrophobic membrane using a variable concentration of tetraethyl orthosilicate 
(TEOS) and trimethylethoxysilane (TMES) with the addition of ammonia hydroxide 
(NH4OH) and ethanol. The resulted silica sol was used to pretreat a steel sheet by spray 
deposition then dried in an oven for 1 hr [63]. They found out this superhydrophobic 
coating display an excellent corrosion resistance in 3.5 wt% NaCl aqueous solution. 
However, only one formed composition showed WCA around 158 but with low 
corrosion resistance. In fact, chemical composition and surface morphology of SHS 
played a significant effect on corrosion prevention [64]. For this reason, a surface with 
a high water contact angle not essentially means high corrosion resistance. Sol-gel 
technique is simple and low-cost, but the method is slow, which may need a long time 
to be finished [65].  
2.3.2 Etching 
        The etching process is a popular and effective way to prepare heterogeneous and 
high rough surfaces, as shown in Figure 2.3.  There are several etching methods, 
including acid and base [66], chemical, electrochemical, ionic, and plasma etching [67]. 
Recently, laser, chemical and plasma etching have been used to construct 
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superhydrophobic surfaces [68]. For instance, Teshima et al. fabricated a transparent 
superhydrophobic surface from a polyethylene terephthalate (PET) through selective 
oxygen plasma etching and plasma-enhanced vapor deposition using a particular 
precursor such as tetramethylsilane [69]. Moreover, Qian and Shen reported an easy 
process for preparing high roughening surfaces by treating aluminum substrates 
through dislocation chemical etching. Then the samples were treated with fluoroalkyl 
silane and exhibit superhydrophobic behavior [70].  
 
 
 
 
 
 
 
 
 
2.3.3 Electrochemical reaction and deposition 
 Superhydrophobic coatings can be generated by electrochemical reactions and 
depositions. This method is widely used to prepare micro/nanostructures because it is 
cheap, fast, and easy in operations at low temperatures [71]. The electrodeposition 
preparation of anti-corrosion surfaces can be designed either by applying particular 
external potential between two electrodes or by using galvanic ionic exchange between 
substrate and ions [72]. Liu et al. fabricated a superhydrophobic coating by depositing 
of 1-dodecanethiol/polydopamine multi-layer films on copper substrates. The resulted 
superhydrophobic surfaces showed WCA around 154° with high corrosion resistance 
Figure 2.3. A superhydrophobic surface prepared by chemical etching 
process. 
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efficiency of 99% in 3.5 wt% NaCl solution [73]. The main parameters to control the 
electrodeposition are the distance between the anodic ion and cathodic substrate, the 
electrodeposition time, and the electrodeposition applied voltage. Zhang et al. noticed 
that by keeping the distance between the anodic platinum plate and cathodic aluminum 
substrates at 2 cm increase WCA up to 162.1[74]. Also, they mentioned that by keeping 
the electrodeposition time between 5 and 180 min, the water contact angle remains 
higher than 150° and the sliding angle lower than 3°. While if the deposition time 
increased to 210 min or higher, the WCA was reduced to 139.9 and lower as described 
by Figure 1 a  [74]. This is due to the change in the surface morphology with time from 
heterogeneous to homogenous due to the agglomeration of large particle size of 
monomer papillae. Besides, the water contact angle decreases as the electrodeposition 
applied voltage increases at a constant time [75]. It was found that the optimum voltage 
which leads to a perfect superhydrophobic coating was around 20 V as a result of the 
production of the hierarchical micro/nanoholes on the surface of Al. Although, when 
the applied voltage was raised to 50 V or more the water contact angle was decreased 
to 103.5 as shown in figure 2.4 (B).  
 
 
 
 
 
 
Figure 2.4. ( A) Effect of electrodeposition time, (B) applied effect electrodeposition 
potential on WCA and CAH. 
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2.3.4 Electrospinning 
        Electrospinning is a simple, effective, and low-cost method that becomes widely 
employed to produce continuous polymer nano/microfibers on large scales of natural 
polymers and synthetic polymers. The term "electrospinning" was extracted from the 
"electrostatic spinning" that recently used, while the fundamental idea was published 
by Formalas in 1934-1944 when he established an experimental system for the 
fabrication of polymer filaments by applying an electrostatic force [26].  In recent years, 
the electrospinning technique received significant attention due to the high interest in 
nanotechnology, as it is easily used to yield fibers structures of several polymers with 
small average diameters around submicron or nanometers. Polymeric nanofibers with 
10 to 100 nm of diameter show unusual characteristics such as the large surface area to 
volume ratio, facile surface modification, and excellent mechanical performance 
[26][76]. In the electrospinning process, an electric potential is used to stretch the 
polymeric solution droplet from the end of the spinneret (needle) to the collector plate. 
At the point when the applied electric field get rids of the surface tension of the solution 
droplet, the charged jet of the polymer solution is ejected and gain bending stabilities 
resulted from the repulsive force between the charged carrier and the jet. Then the jet 
raises longer and thinner to be collected by the collector plate as nanofibers [77]. There 
are two well-known configurations for electrospinning classified based on the way that 
syringe is fixed to spin polymer solution: horizontal or vertical arrangement. The 
horizontal electrospinning configuration is shown in Figure 2.5. Acatay et al. prepared 
an electrospun film made up of a continuous web of different aligned fibers via 
electrospinning method. They applied an electric field from the tip of the needle to the 
collector plate to spin the thermoset fluorinated polymer on the aluminum substrates 
[78].  
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Nanofibers morphology, electrical and mechanical properties can be affected by 
polymeric solution properties and operating parameters of electrospinning such as 
polymer molecular weight and concentration, applied electric field, solution flow rate, 
the distance between the tip of the needle and the collector and the inner diameter of 
the needle [79].  Moreover, this technique becomes widely used in several fields such 
as filtration, drug delivery, enzyme carriers, biosensors, affinity membrane, and 
recovery of metal ions, energy storage, wound healing, and different engineering 
sectors [80].    
 
 
 
 
 
 
 
 
 
 
 
 
2.3.4.1. Parameters affecting electrospinning  
2.3.4.1.1 Concentration of polymeric solution  
        The polymeric solution concentration is an essential parameter that determines if 
the prepared solution can be electrospun into nanofibers. Also, it profoundly affects the 
morphology of the electrospun fibers. There is an optimum concentration for each 
solution depending on the molecular weight of the polymer and solvent used. Reaching 
this concentration provides a nanofiber structure without beads [81]. As the 
Figure 2.5. Horizontal electrospinning setup 
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electrospinning technique involves electrical charges transfer from the electrode to the 
spinneret, minimal electrical conductivity is needed for nanofiber construction. The 
electrical conductivity of the polymer solution is directly affected by the concentration 
of the electrospun polymer [82]. Also, the rheological properties of the polymeric 
solution, particularly viscosity, impact the formation of nanofibers. Hence, the solution 
with high viscosity cannot be pumped by the syringe whereas the solutions with very 
low viscosity are not able to generate fibers. The viscoelastic force applied by the 
polymer charged jet is the main fore that act against the columbic repulsion force, which 
is the critical force that elongates the jet. Also, low polymeric solution concentration 
caused fiber defects such as beaded fibers due to the effect of surface tension. Several 
types of research have studied the impact of polymeric solution concentration on the 
size of electrospun fibers, and it was found that the fiber diameters increase with 
increasing polymer concentration [27][83].  
2.3.4.1.2 Applied voltage effect 
        The applied voltage has a remarkable effect on the fiber morphology since it 
affects the polymer mass ejected out of the spinneret tip. The higher the applied voltage, 
the larger the fiber diameters will be as more polymer will be ejected. Besides, beads 
formation and generation of a second jet become easier to take place. For instance, Chen 
et al. reported that the fiber diameters increase about 8𝜇𝑚 when the electrospun applied 
voltage increases from 10 kV to 16 kV [84]. However, increasing the applied voltage 
can present more charges on the solution surface and become more stretched by the jet, 
which causes a reduction in the nanofiber diameters as well as increases the electrostatic 
repulsive force on the fluid jet [80].    
2.3.4.1.3 Volume Feed-Rate effect    
        The rate of the feed solution is considered the most serious element that affects the 
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jet velocity and the morphology of the produced fibers. At low flow rate the fibers 
fabricated show large diameters and a decreased uniformity.  On the other hand, a high 
feeding rate leads to the formation of beads and causes fiber defects such as small fibers 
with large diameters. Moreover, for volatile solvents and fabrication of solid nanofibers 
low flow rate is preferable. In general, feeding rate should be in harmony with the 
removing rate of the solution from tip, where small flow rates can inhibit the 
electrospinning process while high flow rates lead to the formation of beaded fiber 
structure as a result of the decrease of time available for the solvent evaporating before 
reaching the collector [80].  
2.3.4.1.4 Tip-to-collector Distance effect 
        The distance between the needle tip and the ground collector has a considerable 
effect on the fiber morphology. Increasing the working distance to an optimum one 
results in small diameter and uniform fiber structure. On the other hand, decreasing this 
distance causes a high electric field, which produces fibers with different diameters and 
reduces uniformity. Furthermore, more beads are formed when the working distance is 
decreased which provides a beaded fiber structure [84]. 
2.3.5. Surface Chemistry Control  
         In general, many substrates with rough surfaces do not exhibit superhydrophobic 
behavior due to high surface energy of the prepared coating, so they must be treated 
with low surface energy materials to decrease surface energy of the coating including 
fluorocarbons, silicones and some organic materials such as polyethylene, 
polypropylene, and polystyrene, etc. However, some inorganic materials such as ZnO, 
TiO, and Al2O3 nanoparticles, which have high surface energy, can be smoothly 
covered by airborne organic contaminants. Therefore these nanoparticles can be used 
to modify the surfaces and show superhydrophobicity [20][85][86]. The most famous 
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electrospun polymers are summarized in Table 2.1.                
 
Table 2.1. The summary of most common electrospun polymers producing nanofiber 
structures 
 
Polymer  Solvent Concentration  Ref 
Polyethylene Terphtalete 
(PET)  
 Dichloromethane 
and trifluoroacetic 
acid (1:1)   
12-18 wt%  [87] 
Polyacrylic acid-
polypyrene methanol 
(PAA-PM)  
 Dimethylformamide - [87] 
Polystyrene (PS)  Tetrahydrofuran, 
Dimethylformamide,  
Toluene  
18-35 wt% [88][89] 
Polyamide (PA)  Dimethylacetamide - [90] 
Polymethacrylate(PMMA)   Tetrahydrofuran, 
acetone, chloroform 
- [88] 
Polyvinyl phenol (PVP)  Tetrahydrofuran 20-60 
%(wt/vol) 
[91] 
Polyvinylchloride (PVC)  Tetrahydrofuran, 
Dimethylformamide 
10-15 wt% [92] 
Poly-vinylidene-fluoride 
(PVDF) 
 Dimethylformamide, 
Dimethylacetamide 
20 wt% [93] 
Polyetherimide (PEI)  Hexafluoro-2-
propanol 
10 wt% [94] 
Polyethylene glycol (PEG)   Chloroform 0.5-30 wt% [95] 
Poly (ethylene-co-vinyl 
alcohol)  
 Isopropanol/water 
(70/30) %v/v  
2.5-20 %w/v [96] 
Polyethylene Oxide (PEO)  Distilled water  7-10 %wt [97] 
Polyvinyl alcohol (PVA)  Distilled water 8-16 %wt [98][94] 
Polyacrylonitrile (PAN)  Dimethylformamide 600 mg [99][100] 
Polycarbonate (PC)  Dimethylformamide,  10 %wt [101] 
  
18 
 
Polymer  Solvent Concentration  Ref 
     
Polybenzimidazole, (PBI)  Dimethylacetamide 10 %wt  
Poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV) 
 chloroform 15-20 %wt [102] 
Polyurethane (PU)  Dimethylformamide 10 %wt [103][104] 
Nylon 6,6,PA-6,6  Formic acid 10 %wt [105] 
 
 
2.4 Applications of superhydrophobic surfaces  
          A detailed review of literature about superhydrophobic materials has been carried 
out and is presented here.  
       Superhydrophobic materials with excellent water repellency have attracted much 
interest in many areas of self-cleaning, oil-water separation, corrosion resistance, and 
Antibacterial applications [106][107][108].  
2.4.1 Increase of corrosion resistance  
        Corrosion is a well know phenomenon that causes metallic materials degradation. 
Anti-corrosion coatings were well investigated by applying several methods to control 
the corrosion rate on the metal surfaces. Recently, superhydrophobic surfaces were 
studied to inhibit corrosion on a wide range of materials such as steel, aluminum, copper 
and magnesium. [109]. 
         Li et al. [110] fabricated stable Ni-Al4Ni3-Al2O3 superhydrophobic surface on 
aluminum substrates using etching technique, followed by replacement deposition and 
then annealing. They investigated the anti-corrosion behaviors of the samples via Tafel 
extrapolation and electrochemical impedance. It was found that the superhydrophobic 
surfaces showed a better corrosion resistance than that of pure Al and provided promise 
industrial applications for Al and its alloys.  
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Also, superhydrophobic aluminum-magnesium alloy was prepared via a simple and 
low-cost method, and the prepared hierarchical micro/nanostructures demonstrated a 
high coating coverage rate of 90.0%, resulting in high corrosion protection [111]. 
Another example, superhydrophobic coatings were prepared via a facile method to 
protect the steel surfaces from corrosive areas [112].   
2.4.2 Oil and water separation  
        Environmental pollution is a worldwide challenge that occupied the mind of 
researchers and industries. The pollution produced from different sources contaminates 
air, water, and soil environment, which affects both the human health and ecological 
system. Oil plays an essential role in human life and industry. Oil pollution has become 
a severe challenge due to its high risk of people’s livelihoods and the ecological 
environment [113][114].  Recently the researchers are focusing on special wettable 
materials such as superhydrophobic surface materials have attracted extraordinary 
attention due to their environmental friendliness, low energy consumption and 
simplicity [115].  
        Superhydrophobic, hybrid, electrospun cellulose acetate nanofibrous mats for 
oil/water separation was prepared by Arslan et al. [116]. They obtained the 
superhydrophobic nanofibrous mat by electrospinning techniques. Additionally, the 
cellulose acetate nanofibers have been adjusted with perfluoro alkoxysilanes for 
controlling their chemical and physical properties. It was found that the modified hybrid 
FS/CA-NF nanofibers provide superhydrophobic characteristics with a water contact 
angle of ~ 155° and proved promising materials for future applications such as oil/water 
separators and water-resistant nanofibrous structures.  
Fu et al. [117] investigated the oil/water separation property of PUF-RC coating cotton 
fabric. It was found that the separation efficiency remained at greater than 95% even 
after 20 reuse cycles and showed brilliant durability.  
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        Su et al. [118] fabricated dual-functional superhydrophobic textiles. They reported 
that the fabricated textile has the characteristics of superhydrophobicity, magnetic 
responsiveness, excellent chemical stability, adjustable surface morphology, and 
controllable adhesion. They have also pointed out that the water droplets on the surface 
firmly adhered even at vertical (90°) and inverted (180°) angles, and this adhesion 
behavior of the fabricated superhydrophobic textile was successfully applied in oil-
water separation. 
2.4.3 Self-cleaning surfaces  
        Self-cleaning surfaces are broadly used in different applications, including 
industry, military industries, and agriculture. Lately, many approaches have been 
conducted to produce self-cleaning surfaces. Many superhydrophobic surfaces were 
utilized to show excellent self-cleaning properties. Kumar et al. [119] synthesized 
superhydrophobic coatings for aluminum surfaces via the chemical etching method 
using HCl+HNO3 and HDTMS. The fabricated layer showed a high water contact angle 
of 162±4.2° and hysteresis contact angle of 4±0.5°. This coating revealed high 
thermal, chemical, and mechanical stability as well as excellent superhydrophobic 
performance after annealing at 200℃ for one hour. Also, the coating displayed an 
excellent self-cleaning feature, which can be desirable for industrial applications. 
Latthe et al. [120] prepared superhydrophobic coatings by sprayed suspension 
hydrophobic silica nanoparticles on different substrates, including motorcycle, building 
wall, solar cell panel, glass pieces, metal substrates, and fabric shoes. Each coating 
sample displayed superhydrophobic behavior with a water contact angle around 160 
and contact angle hysteresis below 6. An excellent self-cleaning ability and 
superhydrophobic surfaces were achieved. Sanjay et al. [121] reported the reduction of 
surface energy of stainless steel substrates by etching SS substrates in sulfuric and 
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treated with methyltrichlorosilane. The obtained superhydrophobic surface exhibited 
great self-cleaning and corrosion-resistant properties.       
        Lu et al. [122] investigated a solution consisting of an ethanolic suspension of 
perfluorosilane and titanium dioxide nanoparticle. The latter can be sprayed to make a 
self-cleaning surface. These surfaces showed high water repellency after maintained 
with some surface modification, such as polishing the surface with sandpapers. Also, 
the prepared solution can be sprayed on papers, glass, clothes, and steel to enhance the 
self-cleaning properties of such materials. Zheng et al. [123] fabricated 
superhydrophobic coating with hierarchical micro-nanostructure, which showed a high 
water contact angle about 155° ± 0.5° and very low contact angle hysteresis of 3.5° ±
1.3°.  This coating displayed amazing chemical and mechanical stabilities, as well as 
an excellent self-cleaning.   
2.4.4 Anti-bacterial surfaces 
        Growth of the biofilms in the environment is one of the main concerns in medical 
industries, especially in the case of hospital infection. Several superhydrophobic 
surfaces were used to decrease their adhesion and to kill the biofilm. Wang et al. [124] 
prepared superhydrophobic silver polydopamine, silver nanoparticles and 1-dodecane 
thiol surfaces on silicon substrates through facile silver mirror reaction. A high water 
contact angle was obtained equal to 170° and low contact hysteresis angle about 1°. 
Also, a long term and broad-spectrum bactericide were utilized with silver 
nanoparticles to control the bacterial expansion and reach high anti-bacterial activity 
and limited toxicity.  
        Privett et al. [125] reported a simple procedure for fluorinated-silica-colloid-
superhydrophobic surface synthesis to reduce bacterial adhesion. They found that the 
combination of micro and nanostructures showed a significant advance, such as 
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lowering surface energy of fluorinated saline xerogel, which leads to a surface that 
declines the adhesion of highly pathogenic. Such fluoroalkoxysilane coating surfaces 
considered great candidates for medical equipment coatings.       
          Xue et al. [126] constructed superhydrophobic conductive cotton textiles by in 
situ coating fibers using Ag nanoparticles showed a high antibacterial property. The 
presence of Ag nanoparticles on the surface exhibits a roughening effect of the fiber 
structure which enhances the hydrophobic behavior of the cotton textile. Some surface 
medication was carried out on the cotton textile, such as hydrophobization with HDTM 
which resulted in a high water contact angle equal 157.3±1.6°.      
2.4.5 Other applications 
       In addition to these standard applications of superhydrophobic surfaces, many 
other applications, including water purification, anti-fogging surfaces, drag reduction, 
anti-icing surfaces, sensors, and battery manufacture technology, were developed. For 
example, water treatment technologies become one of the most attracted fields. 
Superhydrophobic surfaces consist of titania nanoparticles, and semiconductor 
materials such as ceramic were utilized for the removal of soluble pollutants in 
wastewater [127]. For anti-fogging applications, superhydrophobic surfaces with high 
water contact angle can be used to prevent the appearance of vapors on different 
substrates such as mirrors and glass by monitoring the reaction between substrates and 
liquid droplets [128]. Moreover, superhydrophobic properties are involved in many 
sensors to increase their accuracy due to their roughness. Various organic substances 
with Van der Waals interaction, such as toluene and formaldehyde were used to 
improve the roughness of superhydrophobic CVD coating [129]. In general, 
superhydrophobic technology was used to overcome many problems, and since the 
wettability of the surface played the main concept in the industry, extensive studies and 
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investigations have been done on different applications. Table 2.2 shows examples of 
superhydrophobic coatings and their applications.       
 
  Table 2.2. Examples of recent publications of superhydrophobic surface and their 
applications. 
 
Materials 
Preparation 
method 
Improved properties Applications Ref 
A mixture of methyl-
modified silica 
particles and 
polystyrene 
Spin-
deposition 
technique 
Anti-corrosion 
performance 
Stable self-cleaning 
Corrosion resistance 
Self-cleaning 
[130] 
Steel surface 
combining Hydrogen 
peroxide and an acid 
Facile method 
Outstanding corrosion 
resistance and UV-
durability 
Corrosion resistance, 
UV-durable 
[131] 
Graphene-based 
Composites 
Common 
coating 
methods 
Excellent corrosion 
resistance (96-78%) 
properties 
Self-cleaning [112] 
Ag nanoparticles 
coated Al substrate 
Chemical 
etching and 
anodization 
Ag-coating Al substrate 
prevent corrosion and 
bacteria absorption 
Antibacterial, 
Anticorrosion 
[132] 
ZnO nanorod array 
modified PVDF 
membrane 
Pyrolysis 
adhesion 
Superhydrophobic 
surface with a water 
contact angle of 152° and 
excellent thermal and 
mechanical stability 
Vacuum membrane 
Distillation, 
Antifouling 
[133] 
CuO nanoparticles 
and hydrophobic 
silica sol 
Spray coating 
Reduction in adhesion of 
bacteria (Escherichia coli. 
E. Coli) by up to 3.2 log 
cells/cm2 
Bactericidal property [134] 
Fe3O4 @OTS-SiO2 
nanocomposites 
Coatings 
Lower corrosion current 
(1.4x 10-11 A/cm2), 
Lower corrosion rate 
(ca.1.6x 10-7 mm/year), 
and larger polarization 
resistance (7.9 x104 
Mcm2) 
Corrosion resistance [135] 
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Materials 
Preparation 
method 
Improved properties Applications Ref 
     
Transition 
metal/Metal oxide 
nanocrystals 
In situ growth 
Controllable special 
wettability 
Oil/Water separation [136] 
Cu/Ag bimetallic 
composition 
The simple 
thermal 
oxidation 
process 
Good antibacterial 
activity 
Antibacterial 
Activity 
[137] 
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CHAPTER 3: EXPERIMENTAL WORK 
 
3.1 Material 
        Polystyrene (PS) with average molecular weight (MW) of 250,000 was supplied 
with a specific density of 1.05 g/cm3 by Sigma-Aldrich ( Taufkirchen, Germany).  
Nickel oxide (NiO) nanopowder with particle size < 50 nm, which used to improve the 
hydrophobicity of polystyrene, was also obtained from Sigma-Aldrich. The solvents 
used, N, N-Dimethylacitamide (DMAC), and Tetrahydrofuran (THF), were purchased 
from BDH Chemicals  (Doha, Qatar) as volatile and nonvolatile solvents respectively.  
3.2. Sample preparation  
3.2.1 Synthesis of PS-NiO superhydrophobic coating 
         A 3g of polystyrene was dissolved in a 50 ml mixture consisting of 70 wt% 
DMAC and 30 wt% THF and stirred overnight at 30 ℃ to get a sufficiently homogenous 
solution with the required viscosity for electrospinning.  At the same time, different 
concentrations of NiO nanoparticle were dissolved in 25 ml of a mixture consisting of 
the same ratio of solvents and kept under steering condition overnight to get well 
dissolved of the nanoparticles. Then, the NiO nanoparticle solution was gradually 
added to PS solution and stirred for 3 hours at 50 ℃. The PS and different NiO 
concentrations prepared are shown in Table 3.1.  Aluminum substrates with 3 x 3cm2 
size, which were used as collectors and coated with PS/NiO superhydrophobic coating, 
were smoothly polished on Grinder polisher ( Metko FORCIPOIV, Bursa, Turkey) 
using a 500 sandpaper and washed with distilled water and dried. 
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Table 3.1. compositions and electrospinning parameters for pure PS and PS/NiO 
nanocomposite coatings 
 
 
3.2.2 Electrospinning technique   
        The electrospinning piece of equipment is composed of four main parts as shown 
in Figure 3.1. The injection pump that adjust the solution flow automatically, the 
injection syringe, which contains the polymer solution, the power supply with high 
voltage, and the sample collector. The polymer solution must be well dissolved before 
being electrospun. 
 
 
 
 
 
 
 
 
 
 
 
            
Exp. Code                             PS (g)                                                          NiO (g) Potential (kV) Flow rate (mL.h-1) 
PS 3 - 18 1.5 
PSNI-1 3 0.1 18 1.5 
PSNI-2 3 0.15 18 1.5 
PSNI-3 3 0.2 18 1.5 
Figure 3.1. Electrospinning equipment 
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The electrospinning device has been used to fabricate PS/NiO superhydrophobic 
coating. The syringe pump was fixed vertically, and an electric field was obtained by a 
high voltage supply. The homogenous PS/NiO nanocomposite solution was transferred 
by syringe to be sprayed by the needle. The optimum distance used to get the beaded 
fibers was 15 cm from the tip of the needle to the substrates. The needle used to spin 
the nanocomposite solution has a cross-sectional diameter of 0.7 mm. The 
electrospinning flow rate was 1.5 mL h-1, the applied voltage was 18 kV, and the 
operation temperature was ambient temperature 25 ℃.  These experiments were 
operated at relatively low applied voltage due to the agglomeration of the NiO 
nanoparticles were observed as the applied voltage increase to 20 kV and above. 
 
 
 
 
 
 
 
 
 
 
3.3 Characterization Methods    
3.3.1  Scanning Electron Microscopy (SEM) and EDX 
High field emission scanning electron microscopy HFESEM (FEI NOVA NANOSEM 
450, Hillsboro, OR, USA) attached to an energy dispersion X-ray analysis unit EDX 
shown in Figure 3.3 was used to study the morphology of PS/NiO nanocomposite 
Figure 3.2. Coatings samples prepared via electrospinning technique 
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superhydrophobic coating at different magnitude 2000, 5000, and 10,000x.  To get 
high-resolution images the samples were placed in a distance between the sample and 
the source of electrons of 10 nm. The machine was operated at a high voltage of 12.5 
kV. Then, the electrons were transferred via high-speed beams and hit the sample. The 
reflected electrons were detected by SEM, and the absorbed ones interact with the 
specimen to provide a semi-quantitative elemental analysis by EDX. ImageJ software 
was used to calculate the average fiber diameters of the resulted SEM images for both 
polystyrene and polystyrene/nickel oxide nanocomposite superhydrophobic material. 
 
 
 
 
 
 
 
 
 
 
                      
 
 
3.3.2 Atomic Force Microscopy (AFM) 
        Atomic force microscopy was performed using an MFP-3D, Asylum Research, 
Santa Barbara, CA, USA, shown in Figure 3.4. AFM measurements were carried out 
using silicon tip, which has a radius of 10 nm over a resonance frequency of 70 kHz in 
Figure 3.3. High Field Emmission Scanning Electron Microscope 
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addition to a spring with a constant of 2 Nm-1, which was used for the non-contact 
tapping mode in air. The AFM device was usually used to study the degree of roughness 
of materials or surfaces. The obtained AFM images consist of signals which have been 
represented along Z distance of motion per x, y points on the scanning raster. Then, 
those signals which represent several measurements were collected and read as a 
voltage points in MFP-3D system. 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 
         Fourier transform infrared was measured using (PerkinElmer Spectrum 400 
FTIR, PerkinElmer, Waltham, MA, USA) shown in Figure 3.5. The FTIR spectra were 
recorded of the sample within a wavenumber range of 400-4000 cm-1 and display a 
resolution of 2 cm-1. The principle is that when the infrared radiation passes through 
PS/NiO SH coating, the coating absorbs some of the radiation and release some. The 
result gives the molecular identification of the sample. Also FTIR analysis was used as 
Figure 3.4. Atomic Force Microscopy ((MFP-3D, Asylum Reaerch ) 
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fingerprint to identify organic, polymeric and some inorganic materials.  
 
 
 
 
 
 
 
 
 
 
3.3.4 X-Ray Diffraction (XRD) 
        X-ray diffraction analysis was performed using X-ray Diffractometer (Empyrean, 
Panalytical, UK) shown in Figure 3.6. XRD device made of three main elements, 
including: cathodic ray tube, a sample holder, and an X-ray detector. In the cathodic 
ray tube the X-rays are generated where a filament is heated to produce electrons that 
accelerate toward the anode by applying a high voltage of 45 kV. When the electrons 
gain enough energy to hit the inner shell of the target material an X-ray of 1.54 nm 
wavelength is produced. In the holder section, a divergent slit of 0.19 mm focusses the 
X-ray on the sample to ensure more area of the sample is exposed to get the intensity 
of the scattered ray. This intensity is measured by the rotation detector. Also, the aligned 
geometry rotation at an angle of 2𝜃 is maintained by the goniometer at the center of the 
device.  
 
 
Figure 3.5.  FTIR instrument model: PerkinElmer Frontier 
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3.3.5 Contact Angle Measurement 
Water contact angles were measured using an optical contact angle measuring 
system (OCA 35, Dataphysics Instruments, Filderstadt, Germany) shown in Figure 3.7. 
The device is attached to an automatic image recognition and computation software, 
which are used to calculate liquid-solid contact angles and surface energy. Water 
droplets of 4 𝛍𝐋 were moved slightly out of the syringe and placed on the surface of 
the sample. The equilibrium contact angle and roll-off angle were found using the 
provided software. The roll-off angle known as the sliding angle (AS) can be calculated 
by slightly incline the substrate holder until the water droplet was noticed to move.  At 
this point, two contact angles were recorded, including: advancing contact angle (ACA) 
and receding contact angle (RCA). Water contact angles were measured at three 
different positions at the surface of each sample.  
 
 
Figure  3.6 .The PAN analytical X-Ray diffractometer 
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3.3.6 Differential Scanning Calorimetry (DSC)  
        Differential scanning calorimetry (DSC) is used to measure the heat flow between 
the sample and the reference as a function of temperature and time in controlled 
atmosphere. DSC analysis was conducted using a differential scanning calorimeter 
(DSC 8500, PerkinElmer, US) shown in Figure 3.8. DSC was widely used for thermal 
characterization of materials, which provides several pieces of information about the 
thermal behavior of the material such as melting and crystallization temperature, heat 
of fusion, heat capacity, and heat of reaction. Different samples weigh 7.31mg, 6.75, 
6.18, and 6.09 mg for PS, PSNI-1, PSNI-2, and PSNI-3, respectively were placed in the 
aluminum pan to be measured parallel with an empty pan considered as a reference. 
The temperature range of the testing sample was from -30 ℃ to 250 ℃ with scan rate 
of 10 ℃/min. Three steps were performed consisting of two heating steps to calculate 
the specific enthalpy of melting (∆𝐻𝑚)  after eliminating the thermal history of the 
sample, and one cooling step.  
 
Figure 3.7.  Optical Contact angle Measuring System. 
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3.3.7  Thermogravimetric Analysis (TGA)  
        Thermogravimetric analysis measurements were performed using (4000 Perkin 
Elmer Pyris system) shown in Figure 3.9. (TGA) was used to find the weight percent 
loss of a sample as a function of temperature in a controlled atmosphere. Usually a plot 
of a mass percentage versus temperature indicates the thermal decomposition of the 
sample. The weight of the sample must be between 5-10 mg. A small alumina crucible 
(ceramic) was used as a container to place the sample in the device. The device is 
attached to computation software to adjust the temperature and record the spectra of the 
measurements. The temperature range applied in this test was from ambient room 
temperature 25 ℃ to 600 ⁰𝐶 at a heating rate of 10 ⁰C min-1. The experiments were 
conducted in the presence of continuous nitrogen flow rate. The weight of each sample 
was around 8 mg. TGA can be used to identify the thermal stability, oxidative stability, 
decomposition kinetics, and the lifetime of the materials, and also it can indicate any 
Figure 3.8. Differential Scanning Calorimeter (DSC 8500 Perkin Elmer) 
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effect of the reactive or corrosive atmosphere on the material.   
 
 
 
 
 
 
 
 
 
 
 
3.3.8 Electrochemical impedance spectroscopy (EIS)  
         Electrochemical impedance spectroscopy is one of the most powerful techniques 
used to determine the corrosion resistance of the materials.  EIS is an easy and 
qualitative technique used to measure the performance of anti-corrosion materials. 
Gamry Reference 3000 potentiostat (Warminster, PA, USA) shown in Figure 3.10 was 
utilized to measure the electrochemical performance of PS/NiO superhydrophobic 
nanocomposite coatings. Gamry Reference 3000 potentiostat is used along with an 
electrochemical cell that consists of three electrodes: saturated calomel reference 
electrode (SCE), the working electrode (the Al substrate coated with or without 
PS/NiO) and the counter electrode which is used as graphite. The coating samples with 
surface area of 0.785 cm2 were exposed to 3.5 wt% NaCl solution. EIS measurements 
were carried out at an open circuit with a wave amplitude of 10 mV over a frequency 
range of 0.01 Hz to 100 kHz at room temperature. Before conducting EIS 
Figure 3.9. Thermogravimetric analysis device (TGA, 4000 Perkin Elmer) 
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measurements, the sample was immersed 30 min in 3.5 wt% NaCl solution to reach the 
steady-state and set the open circuit potential. EIS data were analyzed using Gamry 
Echem Analyst software (Version 7.06, Gamry, Warminster, PA, USA). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3.10. Power station instrument model: GAMRY refrance 3000 
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CHAPTER 4: RESULTS AND DISCUSSION 
4.1.  Structure and Morphology 
4.1.1. Scanning Electron Microscopy (SEM)  
        The morphology of the electrospun PS and PS/NiO nanocomposite 
superhydrophobic coatings at different concentrations of NiO nanoparticle was 
observed by the scanning electron images shown in Figure 4.1. SEM micrographs show 
several morphologies, including fibers with diameters ranging between 100 nm to 250 
nm and a large number of beads. These beads may be obtained because of the low 
polystyrene concentrations or the operating parameters of the electrospinning [138]. 
The neat PS morphology shown in image (a) proves the formation of beaded fibers 
structure. Actually, under the tested conditions, the creation of spindle beaded fibers 
has two reasons:  first, resulted from the low applied voltages 18 kV for electrospun 
process as well as the fast stretching through the charged jet [20][138]. Second, low PS 
concentration leads to a significant decrease in the elasticity needed to provide the 
required resistance to overcome the elongation caused by the electrostatic force which 
produces a large number of beads [139]. In general, there are three forces accountable 
for the formation of the beads: coulombic, viscoelastic and the surface tension forces 
in addition to the stretching of the charged jet during the electrospun process. A smooth 
fibers can be generated by increasing the applied voltage more than 25kV or increasing 
polymer concentration [139][88].  
        The presence of NiO nanoparticles impacts the surface morphology of the 
electrospun polystyrene displayed in Figure 4.1 (b, c, and d).  As clearly noticed from 
these figures, there are different sizes of beaded fibers and small fiber diameters, 
however, the addition of nanoparticles does not change the surface morphology of the 
electrospun polymers.   
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 The beads-on-fiber electrospun coating is de sirable since the beads-structure and 
nanofiber structure together contribute to the roughness of the coating and increase the 
trapped air, which enhances the hydrophobicity of the materials [138].  
 
 
 
 
      
    Table 4.1. Summarizes the average fiber diameters of the prepared electrospun 
polystyrene and polystyrene/NiO nanocomposite superhydrophobic coating. There is a 
notable difference in the calculated fibers’ diameters of the polystyrene and PS/NiO 
nanocomposite as the concentration of NiO nanoparticles changes. All the experiments 
Figure 4.1. SEM images of electrospun PS and PS/NiO nanocomposite 
superhydrophobic coating for (a) PS, (b) PSNI-1, (c) PSNI-2, and (d) PSNI-3 at 10000x 
a b 
c 
5 𝝁𝒎 
20𝝁𝒎 
20𝝁𝒎 
20𝝁𝒎 
d 
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were conducted at constant electrospinning parameters, while the concentration of the 
NiO nanoparticle was varied to get the optimum results. Also, PS concentration was 
fixed at 4 wt% to achieve the desired ratio corresponding to the NiO nanoparticle. The 
concentration of PS was little low, which produces relatively large fiber diameters 
(around 240 ± 28 nm). However, based on literature, if the concentration of the 
polymeric solution increases, the solution viscosity increase and becomes easier to 
elongate [84]. Also, by increasing the concentration of the polystyrene the viscoelastic 
force stops the electrospinning jet from being stretched by the constant columbic force, 
which produces large fiber diameters and beads [20].  
On the other hand, the addition of NiO nanoparticle caused a considerable 
reduction in the average diameters of the PS/NiO nanocomposite fibers compared to 
pure PS. It was clearly observed that there was a significant decrease in the average 
fiber diameters from 240 ± 28 for pure PS to 168 ± 14 nm in PS/NiO (PSNI-3).  Hence, 
as the concentration of NiO nanoparticle increased from 0.4 wt% (PSNI-1) to 0.8 wt% 
(PSNI-3), a further reduction in the fiber diameter from 176 ± 29 to 168 ± 14 nm was 
noticed. Moreover, The SEM-EDX mapping micrographs and spectra of PS/NiO 
nanocomposite SHCs, shown in Figure 4.2 confirm, the presence of the Ni and O atoms 
on the beaded fibers structure. Also, EDX spectra of the PS after the addition of NiO 
show the percentage of Ni and O is about 4.61 and 4.84 wt%, respectively on the 
fabricated coatings [140]. 
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Table 4.1. The average diameter of the nanofibers of Pure PS and PS/NiO 
nanocomposite coatings 
Sample Average Fiber Diameter (nm) 
PS 240 ± 28 
PSNI-1 176 ± 29 
PSNI-2 172 ± 36 
PSNI-3 168 ± 14 
 
 
 
 
 
 
 
 
Figure. 4.2 SEM-EDX mapping micrographs and spectra of PS and PS/NiO nanocomposite 
SHCs 
50𝝁𝒎 50𝝁𝒎 
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4.1.2 Contact Angle Measurement  
        Figure 4.3 shows the wettability of the electrospun PS and PS/NiO nanocomposite 
superhydrophobic coatings. The water contact angles of the prepared coatings were 
investigated through the sessile droplet method at room temperature. Table 4.2 
demonstrates the measured water contact angles and sliding angles for both PS and 
PS/NiO nanocomposite coatings. The water contact angles were measured for 
polystyrene before and after the addition of NiO nanoparticle at PS concertation of 4 
wt%. Image (a) in Figure 4.3 shows that the WCA of pure polystyrene was 146° ± 2°. 
The WCA of PS coating reveals the hydrophobic nature of the polymer. However, the 
addition of NiO nanoparticles to PS enhances the hydrophobicity of the fabricated 
coating. The highest water contact angle of PS/NiO nanocomposite coatings was 
155° ± 1° for PSNI-2, and the lowest contact angle was 150° ± 2° for PSNI-3. The 
water contact angle increase with increasing the amount of NiO nanoparticle until a 
certain limit; beyond which, the WCA declines due to the aggregation of the NiO 
nanoparticles [141].  
          Cassie-Baxter model was used to calculate the static contact angles based on the 
following equations [142]:  
cos 𝜃𝐶𝐵 = 𝑓1 cos 𝜃𝛾 − 𝑓2                                     (4.1) 
Where 𝜃𝐶𝐵is the contact angle of the (PS/NiO) nanocomposite coating, 𝜃𝛾  is the smooth 
(PS) surface water contact angle, and 𝑓1 and  𝑓2 are the area fraction of the 
heterogeneous surface which𝑓1 + 𝑓2 = 1.  
       Cassie-Baxter's ideal hypothesis stated that the water droplet is hanged on the 
rough surface causing a heterogeneous structure composed of air and solid [143]. This 
model was selected to evaluate the WCA of the Nano composition coating (PS/NiO). 
The calculated 𝜃𝐶𝐵 was 153° , 155° ± 1°  and 150° ± 2° for PSNI-1, PSNI-2 and PSNI-
  
41 
 
3 respectively, and the measured values of   𝜃𝛾 for PS coating was 146° ± 2°. Also, the 
calculated values of 𝑓2 were 0.41, 0.48 and 0.43. This result indicates that air fills 
around 41%, 48%, and 43% of the solid-liquid contact area for PSNI-1, PSNI-2 and 
PSNI-3 nanocomposite superhydrophobic coating, respectively. In fact, one of the 
fundamentals behind the superhydrophobic phenomenon of the PS/NiO composite 
coating is the enhancement of hierarchical structure of the surface, which resulted from 
the formed heterogeneous surface as confirmed by the calculated parameters.  
        The contact angles hysteresis (CAH) were measured for both polystyrene and 
polystyrene/NiO nanocomposite SHC shown in Table 4.2.  The water contact angle 
hysteresis usually used as a tool to indicate the stickiness of the surfaces. The measured 
CAH of pure polystyrene coating nanoparticles was 25° ± 3 °. Polystyrene CAH was 
relatively high which verifies that such prepared surfaces are not superhydrophobic 
[144]. However, the CAHs of polystyrene coatings after the addition of NiO 
nanoparticles PS/NiO markedly decreases to 8° ± 2°, 5° ± 3°, 12° ±  2° for PSNI-1, 
PSNI-2, and PSNI-3 respectively. Accordingly, these results evidenced that there is a 
weak adhesion force between the polystyrene/NiO superhydrophobic coating and the 
water droplet, which leads to a fast slide of the droplets on the sample surfaces [145].  
Also, the obtained results are in agreement with literature and prove that the greatest 
water contact angle (WCA) displays the lowest contact angle hysteresis (CAH), which 
is (PSNI-2) the best superhydrophobic coating found using PS polymer and NiO 
nanoparticles. In contrast, high water contact angle not always indicates a low contact 
angle hysteresis because of the influence of chemical heterogeneity of the material 
[144]. 
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Figure  4.3. water contact angle measurements for pure PS and PS/NiO nanocomposite 
SHCs 
(a) 
(b) 
PSNI-2, WCA = 155° ± 1° 
PSNI-1, WCA =153° 
± °
PS, WCA = 146° ± 2° 
PSNI-3, WCA = 150° ± 2° 
(c ) (d) 
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Table 4.2. WCA and WCAH of the prepared PS and PS/NiO nanocomposite SHCs. 
 
 
 
4.1.3. Atomic Force Microscopy (AFM)   
         AFM images were performed to study the surface roughness and surface 
topography of both pure PS and PS/NiO nanocomposite SHCs as illustrated by Figure 
4.4. It is obviously shown that the polystyrene surface is quite smooth except small 
bumps, which may be resulted from the structure of the beaded fibers. The roughness 
value (𝑅𝑟𝑚𝑠) of pure PS coating is found to be about 18.49 nm. However, the addition 
of NiO nanoparticle rapidly increases the degree of surface roughness of the PS coating. 
The surface roughness of the PS/NiO nanocomposite SHC increases with the increase 
of NiO nanoparticle concentration up to a certain limit; beyond that limit 𝑅𝑟𝑚𝑠 values 
slightly decline [146]. The   𝑅𝑟𝑚𝑠 value of the prepare coatings is found to be equal 
24.717, 31.856, and 38.290 nm for PSNI-1, PSNI-2 and, PSNI-3 respectively. This 
result demonstrates that the higher the concentration of NiO nanoparticles, the higher 
the surface roughness of the coating will be.  In general, AFM measurements draw 
attention to the impact of the composition ratio of PS to NiO nanoparticle on the degree 
of roughness of the prepared coatings.  It worth mentioning that the formed microbeads 
and nanofiber structures increase the surface roughness of the coatings. However, the 
high rough surface not necessarily display the greater WCA and best hydrophobicity 
Sample 
Water Contact Angle 
(WCA) 
Water Contact angle Hysteresis 
(WCAH) 
PS 146° ± 2° 25° ± 3° 
PSNI-1 153° ± 2° 8° ± 2° 
PSNI-2 155° ± 1° 5° ± 3° 
PSNI-3 150° ± 2° 12° ±  2° 
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properties since there are several factors can influence the hydrophobicity degree of the 
materials.   
   
  
 
 
4.1.4. Fourier Transformation Infrared Spectroscopy (FTIR) 
The structural properties and the functional groups of the electrospun PS and PS/NiO 
coatings were recorded by an FTIR spectrophotometer. FTIR spectra of pure PS and 
PS/NiO nanocomposite coating at various concentrations of NiO nanoparticle shown 
Figure 4.4. AFM images of surface of (a) PS, (b) PSNI-1, (c) PSNI-2, and (d) PSNI-3 
with surface area of 1 𝜇𝑚2. 
(d) (c) 
(b) (a) 
RA=38.29 nm RA=31.85 nm 
RA =24.717 nm RA=18.49 nm 
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in Figure 4.5. The spectra of PS coating before and after the addition of NiO 
nanoparticle are similar. Actually, there are no significant changes noticed after the 
addition of NiO nanoparticles. This observation might be due to the small amount of 
the NiO nanoparticle present compared to the large amount of PS. In the FTIR spectra 
a transmission band is observed around 3100 cm-1, which assigned to O-H bond 
stretching of water molecules on the PS surface. While the wide absorption band at a 
wavenumber of 700 cm-1 corresponded to the bonding stretch of Ni-O bond [147]. The 
FTIR shows the same spectra over the region of 1000 cm1 to 3000 cm-1 for both PS and 
PS/NiO nanocomposite coatings. The observed bands refer to functional groups. For 
instance, the peaks that occurred at about 2800 cm-1 and 2900 cm-1 are assigned to the 
bonding vibration of C-H functional group of polystyrene [148]. As well as the weak 
peaks noticed at 800 cm-1 and 1300 cm-1 refer to the C-H stretching vibration of the –
CH2 functional group of polystyrene [149]. Two peaks at 1400 cm
-1 and 1500 cm-1 are 
corresponding to C-C stretching in the aromatic ring.  Also the peaks observed at 1665 
cm-1 to 1947 cm-1 are corresponding to monosubstituted C-C aromatic aromatic rings 
[150]. Finally, there were no new peaks and bands noticed after the addition of NiO 
nanoparticles to polystyrene. These results confirm that the NiO nanoparticle only 
exists physically with polystyrene and did not influence the chemical structure of the 
polymer.   
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4.1.5. X-Ray Diffraction  
        X-ray diffraction patterns of polystyrene and polystyrene/NiO nanocomposites 
shown in Figure 4.6 to study the crystal structure of PS/NiO superhydrophobic coating 
with different concentrations of NiO nanoparticle. The measured peaks in the pattern 
show four diffraction peaks at average 2𝜃 equal 19.5°, 37°, 43°, and 62°. The last three 
peaks are recognized with the diffraction line of crystalline plates of [111], [200], and 
[220] of the cubic phase of NiO, respectively [150][151] [148].  In addition, there was 
amorphous peak observed at 2𝜃 of 19° which corresponds to the presence of the 
periodicity parallel to the polymeric chain in polystyrene [152]. It is clearly noticed that 
the characteristic peaks of pure polystyrene have not changed after the addition of NiO 
nanoparticles except small peaks were observed and get sharper as the concentration of 
NiO nanoparticle increased from 0.1 g (PSNI-1) to 0.2 g (PSNI-3). These peaks noticed 
at 2𝜃 of 37°, 43° and 62° are referred to the nickel oxide nanoparticle which has 
crystalline ceramic structure. Therefore, based on literature it was confirmed that the 
Figure 4.5. FTIR spectra for pure PS and PS/NiO nanocomposite 
superhydrophobic coatings 
 
O-H 
O-H 
O-H 
Ni-O 
Ni-O 
Ni-O 
C-C 
C-C 
C-C 
C-C 
C-H 
C-H 
C-H 
C-H 
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NiO has a face-centered cubic crystal structure with lattice parameter of a = 0.419 nm 
[150]. Also, The average NiO nanoparticles size was calculated according to 
Scherrer’s equation (4.2) [153]  and was found to be equal 44.56 nm.  
𝑙 =
𝑘𝜆
𝛽 cos 𝜃
                        (4.2) 
Where, 𝑙 is the average nanoparticle size,  𝑘 is the phase factor, 𝜆 is the wavelength 
(𝜆 = 0.154 𝑛𝑚), 𝛽 𝑖𝑠 𝑡ℎ𝑒 full width at half maximum and 𝜃 is the angle at maximum 
intensity.  
 
 
 
 
 
 
 
 
 
4.2. Thermal Properties  
4.2.1 Differential scanning calorimetry (DSC) 
        The deferential scanning calorimetry analysis was done to study thermal behaviors 
of electrospun PS and PS/NiO nanocomposite coatings. Figure 4.7 displays melting and 
crystallization curves of PS and PS/NiO obtained from the second heating step and first 
cooling step by DSC. The temperature of DSC measurements was raised from -30℃ to 
Figure 4.6. X-Ray diffraction pattern of polystyrene/NiO nanocomposite 
superhydrophobic coatings 
(1
1
1
) 
(2
0
0
) 
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250℃ at a scan speed of 10 ℃ min-1. The glass transition temperature is observed at 
107 ℃ for bothe polystyrene and polystyrene/NiO nanocomposite. In fact, glass 
transition phenomenon is time and temperature-dependent, so glass transition 
temperature changes with the scan speed [154]. The existence of NiO nanoparticles did 
not cause any change in the temperature of glass transition of polystyrene. Moreover, 
PS glass transition temperature mainly depends on the average molecular wieght [155]. 
The melting temperature of PS before and after the addition of NiO nanoparticles is 
exactly same, which was around 110℃ as noticed from the melting curve of composites 
shown in Figure 4.7(a). Also, the crystallization behavior of polystyrene and 
polystyrene/NiO nanocomposites is identical; no cold crystaline peak is observed, as 
shown in Figure 4.7 (b). Therefore, polystyrene under these conditions is a morphous 
polymer evidenced by the degree of crystallization measured from Equation 4.2.  The 
enhancement of the glass transiton temperature, melting and crystallization temperature 
of PS were tricky because of the rigidity of phenyl rings [150].  Accordingly, Esmaiel 
et al. reported that the presence of NiO nanoparticle reduces the mobility of the 
polymeric chain, which leads to an increase in the crystallinity of the polymer with 
increasing regularity, which causes an increase in the glass transition temperature of the 
polymer [150]. While this work showed that there was no effect of the NiO nanoparticle 
on the PS thermal properties, this could be due to the small amount of the NiO 
nanoparticles used compared to PS. The degree of crystallinity of the fabricated 
coatings was evaluated using the following equation: 
                              𝑋𝑐𝑟𝑦 =  
∆𝐻𝑚
∆𝐻°
 × 100                              (4.3) 
Where, ∆𝐻𝑚 is the melting enthalpy of the electrospun polystyrene and PS/NiO SHCs 
and ∆𝐻° is the melting enthalpy of 100 crystalline polystyrene equal 53.2 J g-1 [156]. 
The calculated values of 𝑇𝑔, ∆𝐻𝑚 and 𝑋𝑐𝑟𝑦 for PS and PS/NiO nanocomposite super-
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hydrophobic coatings are summarized in Table 4.3.   
 
Table 4.3. DSC data for pure PS and PS/NiO nanocomposite superhydrophobic 
coatings. 
Sample 𝑇𝑔(℃) ∆𝐻𝑚(J/g) 𝑋𝑐𝑟𝑦 (%) 
PS 107.5 2.159 4.06 
PSNI-1 107.7 1.664 3.13 
PSNI-2 108.2 1.3.61 2.55 
PSNI-3 107.48 1.412 2.65 
 
 
 
4.2.2. Thermogravimetric analysis (TGA) 
        In order to study the thermal degradation that occurred during heat treatment of 
the PS and PS/NiO nanocomposite superhydrophobic coating samples, TGA analysis 
was conducted over temperature range from 25℃ to 600℃ in the presence of N2 shown 
in Figure 4.8.  The calculated temperatures corresponded to the percent of weight loss 
Figure 4.7. DSC analysis for polystyrene and polystyrene/NiO nanocomposites ( Heating curve)  
𝑇𝑔 
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are listed in Table 4.4. The thermal decomposition of the prepared coatings was slightly 
varied for PS before and after the addition of NiO nanoparticle. Pure PS degrades at 
temperature around 350℃ [157]. The onset decomposition temperature (To) and the 
temperature for 10% decomposition (T10%) increase with increasing the concentration 
of NiO nanoparticles. These degradation temperatures are shifted by 30 ℃ to higher 
temperatures in the presence of NiO nanoparticle compared to pure PS, which are 354, 
375, and 375 ℃ for PS, PSNI-1, and both PSNI-2 and PSNI-3 coatings, respectively 
[84].  As clearly seen, this behavior was kept through the thermal decomposition of the 
samples as the concentration of NiO nanoparticle increased. Also, it was found that 
there was a rapid weight loss from 10 to 90% of PS and PS/NiO nanocomposite existed 
in the temperature range of 330-400 ℃. Accordingly, these observations confirm that 
the thermal stability of polystyrene is increased by increasing NiO nanoparticle 
concentration as a result of the limitation of mobility of the polymer chain [158]. The 
reaction was completed by 440, 450 and 470 for PS and PSNI-1, PSNI-2 and PSN-3 
respectively.    
 
Table 4.4. TGA data of PS and PS/NiO nanocomposite Superhydrophobic coatings 
Sample 
Tonset 
(℃)  
T5% (℃) T10% (℃) T50% (℃) T0(℃) 
PS 354.78 353.6 369.92 405.52 440 
PSNI-1 371.02 371.42 385.22 412.63 450 
PSNI-2 375.42 376.3 388.37 415.05 470 
PSNI-3 375.42 375.51 387.67 417.42 470 
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4.3 Electrochemical Impedance Spectroscopy (EIS) 
       A complete study of corrosion resistance of PS and PS/NiO superhydrophobic 
coatings is achieved by electrochemical impedance spectroscopy shown in Figure 4.10, 
and Figure 4.11. The variation of the impedance with frequency can be displayed by 
two techniques: Nyquist method which plots 𝑍𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 versus 𝑍𝑟𝑒𝑎𝑙 for different 
values of frequency (𝑓), and Bode plots which represent log |Z| and phase angle (𝜃) 
versus log(𝑓).  Bode plot was considered best fit to study the AC impedance data when 
wide range of frequency is covered [159]. Figure 4.9. Shows the equivalent circuit that 
was used to fit the obtained experimental data to explain the coating protection 
behavior.  It consists of the electrolyte solution resistance𝑅𝑠, non-ideal double layer 
capacitances 𝐶𝑃𝐸1 𝑎𝑛𝑑 𝐶𝑃𝐸2 for the coating/solution and metal/solution interface 
interfaces respectively. 𝑅𝑝𝑜 is the coatings pore resistanc, and the charge transfer 
resistance, 𝑅𝑐𝑡, corresponds to the corrosion resistance at the metal/coating interface. 
Figure 4.8. Thermogravimetric Analysis for pure PS and PS/NiO nanocomposite Super 
hydrophobic coatings (a) Linear TGA (b) DerivativeTGA. 
(a) (b) 
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The high value of the frequency intercept |Z100kHz| corresponds to the solution 
resistance (𝑅𝑠), while the lowest frequency intercept |Z0.01kHz| corresponds to the 
summation of the solution and charge transfer resistances( 𝑅𝑠 + 𝑅𝑐𝑡) [160][161][162]. 
Since the prepared coatings were very porous, the double layer capacity 𝐶𝑑𝑙  can be 
determined form the given equation at maximum frequency [163]: 
   𝐶𝑑𝑙 =  
1
𝑅𝑐𝑡𝜔𝑚𝑎𝑥
⁄                             (4.4) 
Where, 𝜔𝑚𝑎𝑥 = 2𝜋𝑓𝑚𝑎𝑥 or by extrapolation and calculating slope of the straight line 
which usually in the range of -1 to 𝜔= 1 rad.s-1.   In the diffusion control reaction as 
shown Nyquist plot by PSNI-2 and PSNI-3, Warburg impedance is calculated using the 
following equation [159]: 
     𝑊 = 𝐾(𝑗𝜔)𝛼                                     (4.5 
If the value of 𝛼 =  −0.5, W behaves as ideal diffusion impedance and 𝐾 =  𝜎
√2
⁄  
where 𝜎 is the Warburg coefficient.    
       Gamry Echem analysis software was exploited to calculate impedance spectra 
parameters and analyze the obtained data. Nyquist plots of PS, PSNI-1, PSNI-2 and 
PSNI-3 shown in Figure 4.10 and 4.11. In these plots, the dots represent the measured 
points, while the solid lines represent the fitted data. The calculated electrochemical 
parameters extracted by the fitting EIS are summarized in Table 4.5  
Bode plots shown in Figure 4.11 displays log |Z| versus log 𝑓 and θ versuslog 𝑓, where 
|Z| the absolute value of the impedance, θ the phase angle, and 𝑓 is the frequency 
(𝐻𝑧). Bode magnitude plots are indicated there are two time constants. As clearly 
demonstrated that the anticorrosion performance of polystyrene has been enhanced by 
the addition of NiO nano-particles. It is found that the electrospun of 3:1 ratio of PS to 
NiO (PSNI-2) was considered as the optimal corrosion resistance coating with R= 750 
(𝑘Ω. 𝑐𝑚2). this result reflects the electrospinning technology is very efficient approach 
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to prepare good PS/NiO superhydrophobic coating for corrosion protection.    
        Table 4.5 briefly summarizes the EIS results of the electrospun PS and PS/NiO 
nanocomposite superhydrophobic coatings. The  𝑅𝑐𝑡 value increase with increasing the 
concentration of NiO nanoparticle as noticed in PSNI-1 and PSNI-2 which have  𝑅𝑐𝑡  
equal 223.5 (𝑘Ω. 𝑐𝑚2) and 750(𝑘Ω. 𝑐𝑚2) respectively, while 𝑅𝑐𝑡 value is decreased in 
case of PSNI-3 to 82 (𝑘Ω. 𝑐𝑚2). This reduction in charge transfer resistance can be 
explained by the increase in the hydrophilic metal oxide (NiO) nanoparticles loading 
which leads to the formation of hydrogen bonds with water molecules and decrease the 
corrosion resistance of the coating [141]. However, the 𝐶𝑑𝑙   decreases with increasing 
the hydrophobicity of the coating which indicated the low permittivity of the prepared 
superhydrophobic coating. Constant phase element (CPE) is useful parameter to 
understand the electrochemical behavior of the material which is further depend to the 
value of surface heterogeneous (n).   CPE is directly correlated to the construction of 
double layer at the metal solution interface  [164] [163]. Also, surface heterogeneous 
(n) has value between 0 and 1, the n values of the prepared coatings are 0.0087, 0.0072, 
0.0062 and 0.00765 for PS, PSNI-1, PSNI-2, and PSNI-3 respectively. These results 
verify that the electrospun PS/NiO with NiO concentration equal 0.026 M (PSNI-2) has 
the highest corrosion resistance of  (𝑅𝑐𝑡 + 𝑅𝑝) = 850 (𝑘Ω. 𝑐𝑚
2)  and lowest double 
layer capacitance 𝐶𝑑𝑙  equal 5.8× 10
−7 (𝜇𝐹. 𝑐𝑚−2) compared to other PS/NiO coatings. 
As well as, the Warburg diffusion (W) is reduced from 4.5 × 10−5 to 74.5×
10−6Ω𝑆−1/2. Consequently,  PSNI-2 has the highest impedance parameters so perfect 
anticorrosion properties [165].  These values confirmed that the addition of NiO 
nanoparticles to PS achieves the superhydrophobic phenomenon of the material with 
large impedance and high corrosion resistance [166]. Also, this result agreed with AFM 
and WCA outcomes, which detect the great surface roughhouses and high water WCA 
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for PS/NiO nanocomposite SHC.       
 
Table 4.5. Electrochemical parameters from Nyquist and Bode plots for aluminum 
substrates coating with pure PS and PS/NiO nanocomposite SHCs in 3.5 wt% NaCl 
solution. 
 
Sample 
WCA 
(°) 
𝑅𝑃 
(𝑘Ω. 𝑐𝑚2) 
𝑅𝑐𝑡 
(𝑘Ω. 𝑐𝑚2) 
𝑌01 
(Ω−1. 𝑐𝑚−2. 𝑠𝑛) ×
10−6 
𝑛1 
x 
10-3 
∁𝑑𝑙1 
(𝜇𝐹. 𝑐𝑚−2) 
𝑌02 
(Ω−1. 𝑐𝑚−2. 𝑠𝑛) ×
10−6 
𝑛2 
x 10-
3 
∁𝑑𝑙2 
(𝜇𝐹. 𝑐𝑚−2) 
W  
Ω. 𝑆−1/2
. 
PS 
148° ± 
2° 
5.120 49.00 
 
9.664 
870 8.6× 10−6 1.163 852 6.6× 10−7 
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Figure 4.9. Equivalent electrical circuit used to fit the EIS spectra of Polystyrene and PS/NiO SHC in 3.5 wt 
% NaCl. 
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Figure 4.10.  Nyquist Plots of EIS measurements of (a) PS, (b) PSNI-1, (c) PSNI-2 and (d) PSNI-
3 in 3.5 wt% NaCl. 
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Figure 4.11. Bode plots of EIS measurements of (a) PS, (b) PSNI-1 (c) PSNI-2 and (d) PSNI-3 in 3.5 
wt% NaCl. 
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CHAPTER 5: CONCLUSION 
 
       Polystyrene/nickel oxide (PS/NiO) nanocomposite superhydrophobic coatings 
were successfully fabricated via a one-step electrospinning technique. The 
electrospinning operational parameters that used to get the optimum result are 1.5 mL.h-
1 of flow rate, 18 kV of applied voltage and a distance of 15 cm with solution 
concentration of PS:NiO ratio of 1:10. The addition of NiO nanoparticles has a valuable 
effect on the wettability, surface roughness and thermal stability of neat polystyrene 
coating. The morphology of the prepared coating was characterized. It was proved to 
have a beaded fiber structure. The existence combination of microscale structure of the 
beads and nanoscale structure of the fibers improves the surface roughness of the 
coating as well as increasing WCA and decreasing CAH. It is confirmed that increasing 
NiO nanoparticle concentration decreases the diameters of the fibers. The highest water 
contact angle is obtained for PSNI-2 nanocomposite coating which was 155° ± 2° and 
lowest contact hysteresis of 5°. Also, PSNI-2 showed the highest surface roughness 
with 𝑅𝑟𝑚𝑠 = 27 𝑛𝑚.   
          From the above study, we concluded that a certain amount of NiO could reveal 
high corrosion resistance performance of PS coating on aluminum substrates. The 
synthesized PS/NiO nanocomposite superhydrophobic coating verified a significant 
increase in the corrosion protection of Al in 3.5 %wt NaCl solution. The corrosion 
behavior of the coatings was measured using impedance spectroscopy (EIS.) The 
superhydrophobic PS/NiO nanocomposite coating displayed a significant increase in 
corrosion resistance about 15 times higher than the corresponding corrosion resistance 
of pure PS under the same conditions. The highest corrosion resistance is measured for 
PSNI-2 which has Rct +𝑅𝑝= 850 (𝑘Ω. 𝑐𝑚
2) . However, increasing the concentration of 
NiO more than that amount can reduce the performance of corrosion protection of the 
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prepared coating. It is evidenced that the anti-corrosion properties of the nanocomposite 
coatings are referred to the high degree of superhydrophobicity of the coating instead 
of just acting as a barrier layer. On the other hand, the durability and the adhesion of 
the fabricated coating are the major issues associated with the superhydrophobic 
coatings. The improvement of the mechanical durability and transparency is the top 
priority of the development of the superhydrophobic surfaces.   
In future work, dielectric properties of the nanocomposite coatings should be studied in 
order to recognize the conductivity of the material prepared that may be one of the 
factors which may affect the corrosion resistance efficiency as the nanoparticle 
concentration increased.    
 
 
 
 
 
 . 
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